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The  susceptibility  to  stress  corrosion  cracking  in  3.5  percent  sodium  chloride 
solution  of  Ti-6A1-4V  and  ri'i-t>Al-6V-2Sn  alloy  plates  in  the  annealed  and  solution 
treated  and  aged  conditions  was  determined  by  tests  of  notched  C-ring  specimens 
with  longitudinal,  long  transverse,  and  short  transverse  orientations.  Test  results 
indicated  that  the  annealed. materia  1  of  both  alloys  was  more  susceptible  to  cracking 
in  the  long  transverse  direction  than  in  the  longitudinal  and  short  transverse 
directions.  In  the  solution  treated  tnd  aged  material  of  both  alloys  the  short 
transverse  direction  showed  slightly  lens  susceptibility  to  cracking  than  did  the 
longitudinal  and  long  transverse  directions,  but  the  differences  were  not  considered 
significant.  Based  on  these  results  a  rectmmendation  was  made  that  for  plate 
material  of  bGth  alloys  in  airframe  design  maximum  allowable  stresses  be  60  percent 
of  yield  strength  in  all  directions. 
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INTRODUCTION 

The  planned  use  of  large  amounts  of  t:  tnr.ium  alloys  in  thick  sections 
for  aerospace  applications  has  disclosed  a  l.tck  of  information  as  to  the 
directional  sensitivity  of  these  materials  to  stress  corrosion  cracking  in 
a  salt  water  environment.  Thus,  the  sane  design  load  restrictions  were 
placed  on  titanium  alloys  as  had  previously  peer  applied  to  aluminum  alloys 
used  in  similar  applications.  Because  of  stress  corrosion  problems 
associated  with  certain  aluminum  alloys.  Naval  Air  Systems  Command 
Specification  SD- 24J  restricts  the  sustained  oi  residual  surface  tensile 
stresses  in  most  Such  alleys  to  maximums  of  50  percent  of  the  yield 
strength  in  the  longitudinal  direction,  35  jertent  of  the  yield  strength 
in  the  long  transverse  direction,  and  25  percent  of  the  yield  strength  in 
the  short  transverse  direction.  The  stress  restriction  in  the  short 
transverse  direction  in  particular  is  consi  ler-id  to  be  too  conservative 
for  application  to  titanium  alloys.  ”ork  wjs  therefore  initiated  to 
determine  the  directional  sensitivity  of  thick  plates  of  Ti-6A1-4V  and 
7i-6Al-6V-2Sn  to  stress  corrosion  cracking  in  3.5  percent  sodium  chloride 
solution. 


SUH-1ARY  OF  RESULTS 

Results  of  tests  of  notched  C-ring  specimens  indicated  that  both  the 
H-6A1-4V  and  the  Ti-6Al-6Y-2Sn  alloys  in  the  annealed  condition  are 
distinctly  more  susceptible  to  enviroisaentai  cracking  in  the  long  transverse 
direction  than  in  either  the  longitudinal  or  short  transverse  directions. 

Both  alloys  in  the  STA  (solution  treated  ami  aged)  condition  were  less 
susceptible  to  environmental  cracking  in  the  short  transverse  direction  than 
in  the  longitudinal  and  long  transverse  directions;  however,  these  directional 
differences  were  less  distinct  than  those  for  the  annealed  material. 

CONCLUSIONS 

The  results  of  these  tests  indicated  that  there  is  little  or  no 
similarity  between  the  directional  environmental  cracking  characteristics 
of  titanium  alloy  plates  and  aluminum  alloy  plates  in  3.5  percent  sodium 
chloride  solution.  Thus  the  design  allowable  stress  limits  for  aluminum 
plate  in  Naval  Air  Systems  Cocsaand  Specification  S!>-24J  are  not  realistic 
for  application  to  titanium. 

RECOMMENDATIONS 

It  is  recossaended  that  for  airframe  designs  based  on  yifeid  strength  the 
design  allowable  stress  for  all  directions  in  Ti-6/il-4V  and  Ti -6Al-6V-2Sn 
plate  be  a  maximum  of  60  percent  of  yield  strength. 
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EXPEk  .MENTAL  PROCEDURES 


A.  MATERIAL 


The  materials  rested  vere  s  2*  inch  thick  plate  of  71-6A1-4V 
alloy  and  a  1  3/4  inch  thick  plate  of  Ti-6A!-6V-2Sn  alloy  supplied  by  TMCA 
(Titanium  Metals  Corporation  of  America).  Chemical  analyses  provided  by 
the  sunolier  are  listed  be  lev: 


Chemical  Analyses  of  Titaniua  Allov  Plates  -' 


Heat  l*o. 

Al 

2  ~B 

Fe 

Cu  0 

K 

C 

E 

K0363 

6.4 

4.2 

0.19 

.194 

.015 

.022 

.0075 

C9S87 

5.7 

5.5  2.0 

.~2 

.68  .138 

.015 

.023 

.003 

Material 


Ti-6Al-4V 


Both  materials  were  tested  in  the  annealed  condition  and  in  the  STA  condition. 
Tensile  properties  and  heat  treatments  for  each  material  in  each  heat  treat 
condition  are  recorded  in  Table  I. 

B.  SPECIMENS 

botched  C-ring  specimens  of  the  type  originally  designed  by  Killians, 
Beck  and  Jankowskj  (Figure  1,  reference  (a))  vere  used  for  the  environmental 
cracking  tests.  Groups  of  specimens  '•ere  prepared  t>  represent  the  longitudinal, 
long  t~nnsverse..  and  short  transverse  orientations  with  respect  to  the  plate, 
as  shown  in  Figure  2.  Two  sizes  of  specimens  were  employed  for  the  T1-6A1-4V 
plate  evaluation,  but  only  the  smeller  diameter  specimens  vere  employed  for 
the  thinner  Ti-6Ai-6V-2Sn  plate.  Both  types  of  rings  were  1.25  inch  wide. 


In  addition  to  the  notched  specimens,  a  snail  number  of  smooth  C- ring 
specimens  were  machined  from  each  plate  for  elastic  stress  calibration  measure¬ 
ments.  These  specimens  vers  of  the  sene  inside  diameter  and  cylinder  height 
as  the  notched  specimens  with  a  uniform  wall  thickness  equal  to  the  thickness 
of  the  ligament  be lev  the  notch  so  that  for  the  sane  applied  load  the  maximum 
outer  fiber  stress  (midway  between  the  load  application  points)  would  be  the 
same  as  the  net  section  stress  at  the  base  of  the  notch. 

C.  TEST  METHODS 

i.  Smooth  Specimen  Tests 

Foil  strain  gages  1/8  inch  long  were  attached  to  the  outer 
surfaces  of  the  smooth  C-^ings  at  the  point  of  maximum  outs-*-  fiber  stress. 
Strain  measurements  were  recorded  while  the  spe. imens  were  loaded  incremental Iv 
on  an  I ns t ron  Universal  Test  Machine.  Recorded  strains  were  then  converted 
to  stresses  by  a  simple  Hooke's  Law  relationship,  so  that  the  stress  vs. 
applied  load  relationship  could  be  determined. 
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2.  Kotched  Specimen  Calibration  Tests 


Two  '•r  sore  specimens  of  each  c-*ia? .  beat  treat  condition, 
sire  and  orientation  were  loaded  to  failure  ii.  air  on  an  Insrron  Universal 
Tearing  Machine  and  charts  recorded  of  lead  vs  specimen  deflection  (a* 
indicated  by  machine  crossbead  position.)  These  charts  were  used  to 
determine  the  specimen  deflections  corresponding  to  various  percentages  of 
the  breaking  loads. 

3.  Tests  in  3.51  TaC!  Solution 

The  notched  C- rings  were  prepared  for  leading  by  taping  poly¬ 
ethylene  sheet  around  the  notch  area  to  fora  a  temporary  environmental  cell. 

The  cells  were  filled  wit*,  solution  in  order  to  prevent  atmospheric  passiva¬ 
tion  of  new  crack  surface ,  and  the  specimens  were  loaded  to  various  percentages 
of  the  breaking  loads  in  air  by  bolt  tightening  to  the  corresponding 
deflections  determined  above,  bolts  end  nuts  were  Ti-lOQA  alloy.  The  first 
specimens  tested  were  loaded  to  73  percent  of  the  breaking  load  in  air;  and 
depending  upon  whether  or  not  failure  occurred,  load  on  subsequent  specimens 
was  adjusted  downward  or  upward  until  failure  threshold  loads  were  determined. 

As  the  specimens  were  loaded,  they  were  placed  in  a  tank  of 
solution  and  the  teeporary  cells  removed .  Failures  were  determined  by 
periodic  visual  examine*  son  of  the  specimens  in  the  tank.  Bun out  time  for 
the  tests  was  chosen  as  200  hoars,  the  time  previously  used  for  high  strength 
steel  specimens. 

Early  in  the  pro gran  attempts  were  made  to  reuse  specimens  that 
had  survived  the  200  hour  test  fey  reloading  them  to  higher  percentages  of 
the  breaking  loads  in  air.  This  practice  was  discontinued  when  it  was  found 
that  reloaded  specimens  would  not  £sil  until  loads  approached  the  reference 
breaking  loads  in  air. 


1BSUL7S 


A.  3COTH  SFECIXS5  TESTS 


The  elastic  range  relationship  between  applied  load  and  outer  fiber 
stress  was  determined  to  be  similar  to  that  reported  in  re  fere  nee  (a). 
Stress- to- load  ratio  for  the  larger  diameter  specimen  was  approximately 
800  in.-"  and  for  the  smaller  specimen  approximately  oOO  in.-^. 


3.  »« v  j  % 


hd;  tests 


Results  of  the  stress  corrosion  tests  for  the  various  alloys,  heat 
treat  conditions,  and  specimen  orientations  are  submarined  in  Table  II  and 
shown  in  a  bar  chart  in  Figures  3  and  •&.  Both  the  7i-6Ai-£T  and  Ti-6Al-6T-2Sn 
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plates  in  the  annealed  condition  were  more  sensitive  to  environmental 
cracking  in  the  long  transverse  direction  than  in  the  longitudinal  or  short 
transverse  directions.  For  the  Ti-oAl-AV  naxiTfs?  lead  for  no  failure  in 
salt  solution  was  50  percent  of  breaking  toad  is  the  long  transverse  directin': 
as  cceusered  to  65  percent  in  the  long,  tudinal  and  short  transverse  directions. 
For  the  Ti-6Al-5Y-2Sn  the  corresnondinr  values  were  60  oercent  in  the  long 


transverse  direction,  as  c amps  red  to 


percent  in  the  other  two  directions. 


There  were  no  distinctive  orientational  differences  evident  in  the  solution 
treated  and  aged  material  results,  although  the  short  transverse  specimens 
were  slightly  less  susceptible  to  cracking  than  the  longitudinal  and  long 
transverse  specimens. 


While  the  standard  for  evaluati^;  these  test  results  was  pass  or 
fail  within  200  hours  of  environmental  exposure,  it  should  be  rated  that 
where  times  to  failure  were  known  ar curately,  (that  is.  vhen  a  specimen 
failed  in  the  presence  of  an  observer)  no  times  to  fai sure  were  longer  than 
30  minutes.  Several  specimens  failed  during  Ic-ading.  or  within  a  few 
seconds  o?  loading.  Therefore  longer  test  ire;  times  were  rat  considered 
necessary.  5ooe  temperature  creep,  which  results  in  stress  relaxation  on 
constant  displacement  loaded  specimens  such  as  these.  say  account  in  part 
for  the  absence  of  failures  occurring  between  30  minutes  and  200  hoars. 


SISC55SIOK 

The  greater  suscert iei  1  i ty  of  the  long  transverse  specimens  in  the 
annealed  material  cf  both  alloys,  as  compared  to  the  longitudinal  arse  short 
transverse  orientations,  is  consistent  with  similar  behavior  with 
Ti-8AI- liae-lY  observed  by  Facer  and  Sp  srr  using  precracked  specimens 
(reference  (~b))_  These  investigators  found  that  environmental  cracking 
occurred  preferentially  on  higher  order  crystallographic  planes  close  to 
the  basal  olane.  The  texture  of  wrought  titanium  alloys  is  such  that  basal 
planes  ere  preferentially  oriented  perpendicular  to  the  long  transverse 
direction. 


we  tall  ographi  c  examination  of  annealed  samples  of  both  alloys  revealed 
that  the  mi  ctos  tree  tore  of  *he  longitudinal  and  short  transverse  directions 
wire  similar;  the  long  transverse  differed  from  the  other  two  directions. 

Hi  crest  me  rural  differences,  however,  did  not  appear  to  account  for  the 
increased  susceptibility  of  the  long  transverse  direction. 


The  smooth  specimen  lead-stress  relationships  describee  above  were 
used  to  convert  the  breaking  loads  in  air  to  net  section  stresses.  This 
information  revealed  that  all  failures  in  salt  solution  occurred  at  net 


sec  tier,  stresses  nominally  a*o©v»  the  yield  strength  of  the  material.  A 
maximum  allowable  of  60  percent  cf  yield  strength  is  considered  to  be  a 
conservative  figure  tor  all  directions  in  both  Ti-bAl-AV  and  Ti-&A1- 6Y- 2Sn 


crate. 
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TABLE  II 


Notched  C-Ring  Environment*!  Test  Results 


Maximum  X 

of  Breaking  Load  In  Air 


Material 

Condition 

Oriental' Inn  . 

for  No  Failure  in  3.5%  NaCl 

Ti-6Al-6V-2Sn 

Annealed 

Longitudinal- 

70 

Ti-6Al-6V-2Sn 

Annealed 

Lang  Transverse 

60 

Tl-6Al-6V-2Sn 

Anneal cd 

Short  Transverse 
• 

70 

Ti-6Al-6V-2Sn 

STA 

Longitudinal 

70 

Ti-6Al-6V-2Sn 

STA 

Long  Transverse 

70 

Ti-6Al-oV-2Sn 

STA 

Short  Transverse 

75 

TI-6AI-4V 

Annealed 

Longitudinal 

65 

Ti-GAl-AV 

Annealed 

Long  Transverse 

50 

T1-0A1-4V 

Annealed 

Sliort  Transverse 

65 

TI-6AI-4V 

STA 

Longitudinal 

75* 

TI-6AI-4V 

STA 

Long  Transverse 

75 

TI-GAI-4V 

STA 

Short  Tiansverso  • 

85 

♦One  specimen  failed  at  70Z  upon  reloading. 
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-Ring  Results  in  3.57,  NaCl 


